Abstract Introduction: Hip fractures represent an important health-care dilemma, costing the US$ billions annually. Hip fractures can diminish quality of life and significantly increase morbidity and mortality if not properly treated. Recent research has brought forth new information regarding treatment as well as information on emerging complications seen within the fixation constructs themselves. Significance: Understanding the pathoanatomy of hip fractures and the biomechanics of surgical fixation constructs is critical for successful treatment. In this article, we review the relevant anatomy and classification of femoral neck and intertrochanteric fractures. Furthermore, the biomechanics of hip fracture fixation strategies as well as implant-related complications are addressed. Results: Even though laboratory testing demonstrated that intramedullary nails have greater biomechanical stability, the clinical results between fixation constructs have been similar when the chosen implant (ie, sliding hip screw vs cephalomedullary nail) has been correctly applied to the specific fracture pattern. Recently, data have shown that when using cephalomedullary nails, there is potential for increased failure with cutout when using the helical blade versus the lag screw, with majority being the atypical "medial cutout." Conclusion: The goal of surgical treatment of hip fractures is surgical treatment that allows for early mobilization and weight bearing. A full understanding of the anatomy and fracture characteristics will allow the surgeon to correctly apply the right implant to allow for uneventful healing. Surgeons need to be aware, however, of complications that can arise when using specific implants. Further research is ongoing to further determine the treatments that will allow optimal cost-effective care for the geriatric patient with hip fracture.
Hip fractures are an important health-care concern in the elderly population. Currently, hip fractures affect 18% of women and 6% of men globally.
1 Epidemiological studies have demonstrated that the incidence of hip fractures had increased from 1986 to 1995 but then steadily declined until 2012. The decline is likely related to improvements in the diagnosis and medical treatment of osteoporosis.
2-4 From 2012 to 2015, the incidence of hip fractures reached a plateau, possibly related to the declining proportion of patients undergoing osteoporosis screening and medical treatment for osteoporosis. 4 Moreover, as the life expectancy improves and the geriatric population continues to expand, the global number of hip fractures is estimated to increase from 1.26 million in 1990 to 4.5 million by 2050. It is also important to recognize that hip fractures confer significant societal and personal economic burden. Although hip fractures represent only 14% of all fragility fractures, these injuries represent a significant expense with an estimated cost up to US$15 billion annually. 5 Treatment of hip fractures was also ranked 13th most expensive diagnoses by Medicare for 2011. 6 Moreover, an economic analysis demonstrated that although a hip fracture was estimated to confer approximately US$10 000 for the initial hospitalization, the estimated 1-year health-care and social costs are approximately US$43 000 and is likely due to increasing need for additional care and supervision following surgical treatment. 7 This is further supported by studies demonstrating that a proportion of patients with hip fractures may require long-term care facility placement with associated costs of US$19 000 to US$66 000. 8, 9 Thus, the management of hip fractures will remain a significant aspect of geriatric health care.
Anatomy
Knowledge of the musculoskeletal anatomy of the hip is critical to understanding how normal joint reactive forces across the hip influence fracture healing and underlines the importance of restoring normal anatomy.
Osteology and Muscular Attachments
The hip joint is a synovial joint that consists of the femoral head and neck. The femoral head is connected inferolaterally to the shaft via the femoral neck, which lies between the greater and lesser trochanter. The angle formed by the femoral neck and the medial aspect of the femoral shaft is approximately 127 with a range of 120 to 140 . 10 Femoral version is formed by the angle of axis between the femoral neck and the transcondylar femoral axis. An important structure, known as the calcar femorale, is a dense cancellous strut that extends from the posterior aspects of the femoral neck to the posteromedial proximal femoral shaft. 11 This structure plays a critical role in providing structural support and allowing stress distribution from the femoral head to the proximal femur. 11 Thus, its presence or absence plays an important role in appropriate implant selection for hip fracture treatment.
Within the femoral neck lies the compressive and tensile trabeculae, which form Ward triangle that is bound superiorly by tensile trabeculae and inferomedially by the compressive trabeculae and represents a region of low bone density (Figure 1) . 12 Recent studies have shown that the degeneration of trabeculae was closely related to the occurrence of femoral neck fractures, and enlargement of Ward triangle was related to occurrence of intertrochanteric fractures. 13 Knowledge of the muscular anatomy of the proximal femur is important to understand the deforming forces on fracture fragments and for surgical approaches. The gluteus minimus and medius insert onto the anterolateral and lateral aspects of the greater trochanter, respectively, and together serve as the main hip abductors. 14 The iliopsoas tendon inserts onto the lesser trochanter and serves as the main hip flexor. The hip external rotators consist of the piriformis, superior and inferior gemellus, quadratus femoris, and obturator externus, which insert onto the medial aspect of the greater trochanter, except for the piriformis and obturator internus, which insert onto the superomedial aspects of the greater trochanter and the intertrochanteric crest, respectively. 14 
Vascular Anatomy
The vascular anatomy of the femoral head and neck is important for assessing the potential risk of avascular necrosis following proximal femur fractures (Figure 2 ). The main vascular supply to the femoral head and neck is the medial femoral circumflex and, more recently, highlighted the inferior gluteal artery. 15, 16 The medial femoral circumflex artery originates from the deep femoral artery and common femoral artery and courses between the piriformis and iliopsoas muscles. 15 It then divides into the deep and descending branches. 15 The deep branch courses toward the femoral head between the quadratus femoris and obturator externus and enters the posterior aspect of the hip capsule. 15, 16 Once intra-articular, the artery divides into the posterior superior nutrient arteries, which represent the most important blood supply to the femoral head and neck. 15 More recent studies examining the inferior gluteal artery has shown that it provides significant blood supply to the femoral head, and in certain anatomic variants, this artery provides the dominant blood supply to the femoral head. 15, 17 The distal deep branch of the inferior gluteal artery anastomoses with the medial femoral circumflex artery prior to entering the posteroinferior hip capsule. 15 Other vessels such as the lateral circumflex artery, superior gluteal artery, obturator artery, and acetabular branch of the obturator artery within the ligamentum teres provide minor contribution to the vascular supply of the femoral head. 11 
Neural Anatomy
A brief overview of the nervous anatomy that transverses the hip deserves mention. The obturator nerve and femoral nerve transverse along the anteromedial hip capsule. The superior gluteal nerve is adjacent to the posterior aspects of the hip capsule. 11 The sciatic nerve courses inferior to the piriformis muscle and lies posterior to the external rotators of the hip. 18 It is also important to recognize that there may be anatomic variations where the common fibular branch of the sciatic nerve may pierce the piriformis muscle or may pass over the piriformis. 18 Another nerve that may be potentially injured during open approaches to the hip is the lateral femoral cutaneous nerve. This nerve exits approximately 2 cm medial from the anterior superior iliac spine and then divides into 2 branches that cross the anterior margin of the tensor fascia lata.
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Role of Osteoporosis and Aging in Geriatric Fractures
Aging is associated with changes in the femoral neck that increases fracture risk. The porosity of cortical bone also increases with age, with porosity increasing from 4% in young healthy patients to close to 50% in the elderly patients. 19, 20 In addition, microcracks gradually accumulate in cortical bone and increase significantly with advanced age. 19, 20 These microcracks generally accumulate more quickly in women compared to men. 19, 20 Moreover, nonenzymatically cross-linking of collage in bone can also adversely affect bone. These changes in the material properties of bone reduce the elasticity (material stiffness), strength (maximum stress in a load to failure test), and most importantly, the fracture toughness (energy required to fracture) of cortical bone, thereby increasing the risk of lowenergy fractures. [21] [22] [23] In addition, the cortex of the femoral neck expands with increasing age, with greater endosteal expansion compared to periosteal expansion resulting in thinning of cortical bone. 24, 25 Specifically, the superior aspect of the femoral neck undergoes more cortical thinning because it bears less load compared to the inferior regions of the femoral neck, and thus, it is at a higher risk of fracture. 26 
Classification of Hip Fractures
Hip fractures can be classified based on their relationship to the hip capsule. Therefore, fractures can be intracapsular, such as femoral neck fractures, or extracapsular, such as intertrochanteric and subtrochanteric fractures. This review focuses on femoral neck and intertrochanteric fracture patterns.
Intracapsular Hip Fractures
Femoral neck fractures can be described descriptively based the location of the fracture within the femoral neck or classified using the Garden, AO/OTA, or Pauwels classification ( Figure 3 ). Thus, a femoral neck fracture located at the junction of the femoral head and neck is considered to be a subcapital fracture, while a transcervical fracture is located at the middle portion of the femoral neck. A basicervical fracture is located at the base of the femoral neck.
The Garden classification is the most widely used classification for elderly hip fractures and is based on the displacement of the fracture as assessed using an anteroposterior (AP) radiograph of the hip. The traditional Garden classification is divided into 4 types. Type 1 fractures are incomplete and valgus impacted, while type 2 fractures are complete.
11 Type 3 fractures are partially displaced, and type 4 fractures are completely displaced. 11 A modification of the Garden classification simply divides femoral neck fractures into nondisplaced or displaced. A study evaluating the Garden classification found that the k coefficient (reliability) for the traditional classification was .31 (fair) while the modified system had a k coefficient of .52 (moderate). 27 In turn, the modified Garden classification system demonstrates greater interobserver reliability and is more widely utilized. 27 More importantly, this classification system is useful for determining a surgical strategy as displaced fractures are generally treated with arthroplasty options. Although mainly used for high-energy femoral neck fractures in the physiologically young patient, the Pauwels classification deserves mention. This classification is based on the Pauwels angle, which is defined using the angle between a line through the fracture and a line that is tangential to the superior aspect of the femoral head. 28 In this classification, type I fractures are less . 29 It was hypothesized that the Pauwels classification could predict risk of nonunion or loss of reduction as increasing fracture angle leads to increasing shear forces across the fracture site. 28 Although there has been some debate regarding the predictive value of this classification scheme, a recent modification to the measurement of Pauwels angle may allow for more reliability. 30 Specifically, the modified Pauwels angle is then defined as an angle between an imaginary line drawn perpendicular to the anatomic axis and a line through the fracture. 30 A retrospective review demonstrated that a higher modified Pauwels angle was a risk factor associated with nonunion and avascular necrosis. 30 The AO/OTA classification system is utilized to classify all fractures. 22 Although this classification system is well accepted, it is solely used in research. The femoral neck fracture is 31-B. Further classification of femoral neck fracture includes 31-B1 indicating a fracture of junction between femoral neck and head with minimal displacement, 31-B2 denoting fractures of the middle region of the femoral neck, and 31-B3 representing fractures also at the junction of the femoral neck and head but with displacement.
Extracapsular Fractures
Intertrochanteric hip fractures are defined as fractures between the femoral neck and the lesser trochanter. The Evans classification of intertrochanteric fractures is based on the location and direction of the fracture as well as the stability. However, the most important classification system for an intertrochanteric fracture is whether the fracture pattern is stable or unstable as this affects implant choice. The determination of the stability of an intertrochanteric fracture is based on the integrity of the calcar femorale or the posteromedial cortex of the proximal femur. In addition, reverse obliquity fractures, which are angulated proximal medial to distal lateral, are also generally considered unstable as the femoral shaft has a tendency to medialize. Another fracture variant that is considered unstable is the transverse trochanteric or transtrochanteric fracture where the fracture exits the lateral cortex.
The AO/OTA classification of intertrochanteric fractures is designated as 31-A. It is further divided based on stability and fracture pattern. 31-A1 is a stable intertrochanteric fracture, and 31-A2 is an unstable intertrochanteric fracture, while 31-A3 is a reverse obliquity fracture or fractures that involve the lateral cortex. As with the AO/OTA classification for femoral neck fractures, this classification is reliable but is generally used for research purposes.
Treatment of Hip Fractures
The main goal of hip fracture treatment is early mobilization as it decreases the risk of postoperative complications and improves long-term mortality rate. 31 In turn, surgical treatment is generally indicated unless the patient has significant comorbidities that present an unacceptable risk.
Surgical Treatment of Femoral Neck Fractures
The fixation strategy for femoral neck fractures is based on fracture displacement. In general, while displaced femoral neck fractures are usually treated with arthroplasty, fractures that are nondisplaced or minimally displaced (Garden type I or II fractures) can be managed with multiple cancellous lag screws or a sliding hip screw. Cancellous lag screw technique involves screw placement typically in an inverted triangle configuration with screws placed anterosuperiorly, posterosuperiorly, and along the inferior femoral neck. In order to maximize fracture stabilization, the cancellous screws should abut the cortical walls. 32 Biomechanical studies suggest that the inverted triangle configuration with screws abutting the cortical surfaces confers the greatest mechanical stability compared to other screw fixation patterns. 32, 33 Biomechanical analysis also suggest that the use of washers should be considered especially in the setting of osteoporosis as it can distribute forces over the lateral cortex, thereby increasing insertional torque, improving fracture compression and fixation, and decreasing the risk of screw backout. 34 The use of a fourth cancellous screw is controversial but can be considered in fracture patterns with significant posterior comminution. 35 The sliding hip screw is an alternative fixation strategy for femoral neck fractures. This fixed angle device consists of placement of a lag screw parallel to the axis of the femoral neck, which is then inserted into a barrel that is attached to a lateral plate. This lag screw is allowed to slide within the barrel, thereby allowing for micromotion and compression across the fracture site. In order to minimize lag screw fixation failure, it is recommended that the screw tip to apex distance (measured as the sum of the distance from the tip of the lag screw to the femoral head on the AP and lateral views) should be equal or less than 25 mm. 36 Furthermore, to maximize stability, the lag screw should be placed close to the calcar region (adjacent to the cortex) rather than the central region of the femoral neck. 37 This is supported by a biomechanical study that demonstrated calcar cortical adjacent screw fixation demonstrated greater fracture stability and stiffness compared to centrally placed screw fixation. 37 Several biomechanical studies have compared the use of cancellous screws versus the sliding hip screw. Another study evaluating basicervical femoral neck fractures using elderly cadaveric femurs found that cancellous screw fixation had a lower axial load to failure compared to sliding hip screw construct. 38 Interesting, there was no significant differences in torsional stiffness between the two constructs. 38 Another biomechanical analysis evaluating subcapital femoral neck fractures demonstrated that there were no significant differences between cancellous screw fixation and the sliding hip screw. 39 In turn, from a biomechanical perspective, the sliding hip screw appears to provide superior fracture stabilization compared to cancellous screw fixation, especially in fracture patterns that are more prone to shear stress such as basicervical fractures.
A recent multicenter randomized controlled trial evaluated reoperation rates following the sliding hip screw fixation versus cancellous screw fixation for femoral neck fractures. The Fixation using Alternative Implants for Treatment of Hip fractures trial randomized 1108 patients (50 years or older) who sustained low-energy femoral neck fractures into sliding hip screw fixation versus cancellous screw fixation and evaluated the reoperations rate within 24 months after surgery. The study found similar rates of reoperations, treatment failures, and fracture healing between cancellous screws fixation and sliding hip screws. There were significantly higher rates of avascular necrosis and reoperation rates for avascular necrosis in patients who underwent the sliding hip screw fixation. Importantly, subgroup analysis found that in patients who were current smokers or had basicervical or displaced fracture patterns, the reoperation rates were significantly lower in patients who received the sliding hip screw fixation. In turn, an interpretation of these findings is that although these two surgical strategies provide similar outcomes, the biomechanical advantages of the sliding hip screw fixation translates into superior clinical outcomes in situations where there is poor bone quality due to smoking, fracture displacement, or fractures located near the intertrochanteric region. Moreover, the use of cancellous screw fixation may allow for preservation of the femoral head and neck blood supply. Overall, aside from special circumstances, the choice of surgical fixation is largely dependent on surgeon preference. 40 Displaced femoral neck fractures are associated with a higher risk of avascular necrosis of the femoral head. 41, 42 Therefore, these fractures are generally treated with arthroplasty in the elderly patients. 41, 42 These options include total hip arthroplasty (THA) where both the femoral head and acetabulum are replaced or hemiarthroplasty (HA) where only the femoral head is replaced. Hemiarthroplasty is a technically easier procedure and is associated with lower costs, less operative time, less blood loss, and lower risk of dislocation compared to THA. 41, 43 However, THA is associated with better functional outcomes, especially in physiologically younger patients who are more active. 43 In addition, HA may require conversion to a THA due to acetabular erosion, especially in active patients. A meta-analysis comparing HA versus THA found that THA was associated with significantly lower risk of reoperation, and better functional outcomes as determined by the Harris Hip Score and SF-36 Score (Physical Domain), while HA was associated with significantly lower dislocation risk. 43 A subanalysis found that THA was associated with superior Harris Hip Score in studies where the mean patient age was less than 80 years, while studies with patients older than 80 years failed to detect any differences in functional outcome scores between HA and THA. 43 A recent large retrospective study also found that HA was associated with greater risk of revision. 44 Although THA is a more expensive procedure, at 1-year follow-up, the study found that THA was associated with lower overall costs compared to HA. 44 It is possible that the improved functional outcomes and lower revision rate of THA may offset the initial costs of the procedure. 44 Overall, the decision to choose THA versus HA should be based on patient factors, such as the presence of other comorbidities, the presence of arthritis, activity level prior to injury, and age.
Displaced femoral neck fracture can also be treated using cemented versus cementless HA. A possible risk associated with using a cemented stem is fat embolism, which can lead to cardiopulmonary complications. 45 However, there is a higher risk of periprosthetic fracture in cementless stems. 46, 47 A randomized controlled study comparing the use of cemented HA versus cementless HA found that the use of cementless HA was associated with a significantly greater rate of intraoperative fracture and significantly inferior functional outcome scores at 1-year follow-up. 46 A meta-analysis also found that cementless stems were associated with a significantly greater rate of overall complications as well as implant-related complications. 47 Overall, the greater prevalence of periprosthetic fractures and inferior functional outcome scores for cementless HA support the use of cemented stems for displaced femoral neck fractures.
Surgical Treatment of Intertrochanteric Femur Fractures
Implant choice is largely based on the stability of the fracture pattern and the integrity of the lateral cortex. A stable intertrochanteric fracture has an intact or well-reduced posteromedial cortical calcar. This intact medial buttress allows the proximal femur to redistribute stress and resist medial compressive loads (Figure 4) . In contrast, unstable intertrochanteric fracture patterns are unable to maintain appropriate reduction of the proximal femur when using extramedullary fixation options. These patterns often include fractures with a compromised medial calcar via comminution or a large posteromedial fragment, fractures that extend into the subtrochanteric region, reverse obliquity fractures, or transtrochanteric fractures that involve the lateral cortical wall (Figures 5-8 ).
48 Compared to sliding hip screws, intramedullary devices offer greater biomechanical stabilization that is especially important in the setting of unstable intertrochanteric fractures. 49 In these situations, the lack of contact between the posteromedial osseous fragments would result in transfer of greater medial compressive loads to the implant. 50 The intramedullary device is closer to the force vector line of action through the center of the femoral head and has a shorter lever arm. Thus for the same force, the nail experiences less moment and can resist greater loads to failure (Figure 9) . 50 A biomechanical study found that use of the cephalomedullary device resulted significantly less fracture displacement and similar load to failure compared to sliding hip in the setting of stable and unstable intertrochanteric fracture models. 49 Results from prospective randomized controlled trials also suggest that intramedullary fixation was associated with superior radiographic outcomes (limb shortening or femoral neck shortening) postoperatively and lower rates of incomplete union compared to sliding hip screw fixation in unstable intertrochanteric fractures. 51, 52 The presence of lateral wall fracture in reverse obliquity and transtrochanteric patterns may also compromise the stability of an intertrochanteric fracture and thus may require intramedullary fixation. 53 Studies evaluating sliding hip screws and intramedullary constructs found that the presence of lateral cortical wall fracture was a significant independent predictor of implant and treatment failure when using sliding hip screws. 54, 55 From a biomechanical perspective, the lateral cortical wall acts as a lateral buttress, and thus in the presence of lateral wall fracture, placement of a sliding hip screw can result in loss of reduction via medialization of the femoral shaft and lateralization of the proximal femoral component. 53, 56 Moreover, for reverse obliquity fractures, the fracture plane is nearly parallel to the direction of the sliding lag screw, and thus use of this implant will result in loss of reduction with significant collapse of the femoral neck. 48, 50, 56 Retrospective studies demonstrated that in reverse obliquity or transtrochanteric fractures, sliding hip screws were associated with higher failure rates compared to the 95 blade plate. However, intramedullary fixation was associated with lower rate of failure rates compared to the 95 blade plate. 56, 57 In turn, intramedullary nails are superior to sliding hip screws for the treatment of reverse obliquity and transtrochanteric fracture or any intertrochanteric fracture with associated lateral wall fracture. This is because the intramedullary device acts as a substitute lateral wall that can prevent medialization of the femoral shaft and lateralization of the proximal femoral component. 48, 50, 56 The most common mechanism of failure of the sliding hip screw fixation is varus collapse of the femoral neck, leading to lag screw cutout. In turn, the helical blade with the use of a side plate was introduced as an alternative design to reduce the risk of implant failure by increasing the anchorage into the osteoporotic femoral neck and head. 58 A biomechanical study found that using a helical blade demonstrated significantly greater resistance to pullout and greater rotational stability compared to a standard lag screw. 58 A clinical study comparing the sliding hip screw using a helical blade versus a lag screw in the setting of stable and unstable intertrochanteric fractures found that the helical blade was associated with significantly lower rate of fixation failure. 59 Specifically, there were significantly lower rates of implant migration into the femoral head in the helical blade group. 59 However, the reoperation rate and rate of cutout were similar between the 2 groups. 59 In turn, the side plate with helical blade is an alternative surgical technique that has some biomechanical and clinical benefits over the standard lag screw technique.
More recent data on intramedullary fixation for intertrochanteric fractures have shown variability in the rates of cutout and failure using the helical blade versus the lag screw. A retrospective review looking at over 350 patients with peritrochanteric proximal femur fractures treated with a cephalomedullary nail demonstrated an almost 2-fold higher cutout rate using the helical blade than with the lag screw. Interestingly, the mode of failure of cutout was mainly medially through the head of the femur as the femoral head lateralized along the blade as opposed to superiorly, as has been published previously. In this study, there was no threshold value of tip-to-apex distance that increased the risk of cutout. 60 In a more recent retrospective study, Chapman et al 61 looked at the failure rate between the use of the helical blade and lag screw with only 1 type of cephalomedullary implant in 126 patients with lowenergy hip fractures. The rate of cutout in this series was 5%, but more importantly, it was only found when the helical blade was used. The mode of cutout was predominantly medial and similar to the previous study, their finding was independent of tip-to-apex distance. 61 Although earlier studies have suggested similar clinical results when using either the helical blade or the lag screw, 62 more recent studies are showing perhaps a more clinical advantage of using the lag screw instead. Further research, with higher level studies, will need to be done to make a definitive recommendation.
Conclusions
Hip fractures represent a major global health-care problem that may become more prevalent as the elderly population increases. The goal of surgical treatment of hip fractures in the elderly patients is to allow for early mobilization and weight bearing. While displaced femoral neck fractures are usually treated with arthroplasty options, nondisplaced or minimally displaced fractures can be treated with cancellous screw fixation or a sliding hip screw with recent evidence favoring use of sliding hip screws for selected patients. The choice of a sliding hip screw or intramedullary nail fixation for intertrochanteric fractures depends on the overall fracture stability as well as involvement of the lateral cortical wall. Overall, further research is needed to further clarify and determine the treatment strategies that will allow optimal cost-effective care for the geriatric patient with hip fracture.
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